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reticularis cells in a manner partly related to the post-cAMP pathway, diminishing the expression of steroidogenic enzymes. Additional studies suggested that DHEA affects the phosphorylation/activation of ERKs by enhancing phosphorylation of the steroidogenic factor-1 (SF-1) and regulating the protein expression of steroidogenic enzymes. Moriguchi et al. [27] reported that DHEA restored reduced ERK phosphorylation concomitant with increased CREB phosphorylation in the hippocampal ca1 region of olfactory bulbectomized mouse. Nevertheless, the molecular mechanisms underlying these DHEA effects in Leydig cells remain unclear.
To better understand the mechanism of DHEA action, a study was carried out to investigate (1) whether DHEA activates the ERK1/2 signaling system in cultured rat primary Leydig cells, which regulate the protein expression of steroidogenic enzymes and, subsequently (2) whether DHEA improves testosterone biosynthesis through activation of the ERK1/2 pathway. This information is necessary to fully understand the cellular and molecular mechanisms by which DHEA exerts its biological effects in vivo.
Material and Methods

Animals and materials
Male Sprague-Dawley rats weighing 200±20g were purchased from Shanghai Experimental Animal Center of the Chinese Academy of Sciences (China). Animals were housed one per cage under conditions of constant temperature (25°C), constant humidity (50%) and a 12:12-h light/dark cycle. Animals were maintained on standard rodent chow; food and water were available ad libitum. All animal handling procedures were performed in accordance with guidelines established by the People's Republic of China, and all procedures were pre-approved by the Institutional Animal Care and Use Committee of Nanjing Agricultural University.
DHEA, dimethyl sulfoxide (DMSO), penicillin, streptomycin, trypsin and percoll were purchased from Sigma (St Louis, MO, USA); transferrin, L-glutamine and HEPES were obtained from Amresco Inc. (Solon, OH, USA); DMEM/F12 medium and fetal bovine serum (FBS) were purchased from Hyclone (Hyclone, USA); the TRIZOL Reagent Kit was purchased from Invitrogen (CA, USA); the M-MLV reverse transcriptase, RNase inhibitor and dNTP mixture were obtained from Promega (Madison, USA); Ex Taq DNA polymerase came from TaKaRa Bio Inc. (Shiga, Japan); rabbit anti-3β-HSD antibodies and rabbit anti-aromatase were from Abcam (Abcam, USA); rabbit anti-17β-HSD antibody was purchased from Santa Cruz (Santa Cruz, CA); ERK1/2, p-ERK1/2, CERB, p-CREB, rabbit anti-GAPDH and the p-ERK1/2 inhibitor U1026 were purchased from Cell Signaling Technology (Cell Signaling Technology, USA); goat anti-rabbit IgG, horseradish peroxidase conjugate was purchased from Bioworld Technology Co. (Bioworld Technology Co., USA); protein assay kits were from the Biyuntian Bioengineering Institute (Nanjing, China); the testosterone radioimmunoassay (RIA) kits were purchased from the Beijing Beifang Biotechnology Institution (Beijing, China); and all other reagent details are indicated in the text.
Isolation, purification and identification of Leydig cells
Two rats were killed by decapitation, and their testes were decapsulated under aseptic conditions. The Leydig cells were isolated by enzymatic digestion and purified on a discontinuous Percoll gradient by the method described by Murugesan et al. [28] . In brief, testes were decapsulated using fine forceps without breaking the seminiferous tubules and digested in DMEM-F12 containing collagenase (0.5%) at 37°C for 15min in a thermostated shaking water bath. After this incubation, collagenase-free DMEM-F12 was added to each reaction, and the tubes were allowed stand for 3min at room temperature without mixing. The supernatant was then aspirated using a Pasteur pipette and transferred to sterile centrifuge tubes. This procedure was repeated to remove additional Leydig cells. The supernatants were combined and centrifuged at 2500 x g for 5min at 4°C. After discarding the supernatant, the obtained pellet was resuspended in 2mL of DMEM-F12, which represented a crude testicular interstitial cell suspension. Discontinuous Percoll gradients were used to obtain purified Leydig cells from this crude preparation. Two milliliters of 75% Percoll gradient was added to a graduated centrifuge tube. Above this layer, 70%, 58%, 30% and 5% gradients of Percoll (2mL of each) were gently laid one over the other, taking care to avoid mixing. Two milliliters of Cellular Physiology and Biochemistry crude Leydig cell suspension was then applied on top of this discontinuous gradient and centrifuged at 3000 x g for 30min at 4°C. After centrifugation, most of the observed purified Leydig cells were in the 30% Percoll gradients. These Leydig cells were transferred to centrifuge tubes containing DMEM-F12. After mixing, the tubes were centrifuged at 2500 x g for 10min at 4°C, and the obtained supernatant was discarded. To remove excess Percoll, the cell pellets were washed three times with excess medium and finally suspended in 1mL of DMEM-F12. The purities of the Leydig cells were assessed by histochemical localization of 3β-HSD performed according to the method of Aldred and Cooke [29] . The viability of the purified Leydig cells was determined by trypan blue dye exclusion [29] .
Primary culture of Leydig cells
Primary Leydig cells were plated in six-well plastic culture plates (Nunc Company, Roskilde, Denmark) at a density of 1×10 6 cells per well in 2mL of DMEM-F12 medium. Supplements were added using 10% FBS, transferrin (5mg/mL), 2mM L-glutamine and 1.75mM HEPES. The culture medium also contained penicillin (100IU/ml) and streptomycin (100mg/mL). Primary Leydig cells were incubated at 37°C in an atmosphere of 95% air and 5% CO 2 . Following 24h of acclimatization to the culture environment, cells were incubated with serum-free medium for 1h before the onset of experimental treatments.
Cell viability assay
Cells grown in 96-well plates (1×10 4 cells/well) were treated with 0, 1, 50 or 100μM DHEA and cultured at 37°C for 24h. Then, 20μL of MTT (5mg/mL) was added to each well. After 4h of culture, the culture medium was removed and blue formazan crystals that had formed were dissolved in 50μL DMSO. The optical density of the formazan generated from MTT was measured at 490nm.
Detection of testosterone content by radioimmunoassay (RIA)
The concentration of testosterone in primary Leydig cells under basal or stimulated conditions was determined using an RIA kit. After culturing for 24 h in DMEM-F12 medium at 37°C, cells were incubated with a dimethyl sulfoxide solution of DHEA (1μM, 50μM or 100μM) for 24 h (n = 6). A solution of 0.1% DMSO was used for the control group. Following incubation, cells were harvested, disrupted ultrasonically in ice, and centrifuged at 2500 x g for 10min at 4°C. The supernatants were then collected and stored for subsequent analysis at −20°C. The testosterone concentrations in the supernatants were determined according to the manufacturer's instructions (intra-variation coefficients <10%, inter-variation coefficients <15%). Experiments were repeated three times and six.
Assay of 3β-HSD and 17β-HSD expression by real-time quantitative PCR
Following a 24h equilibration to the culture environment, primary Leydig cells incubated in six-well plates was exposed to DHEA. Thereafter, the old culture medium was removed, and cells were resuspended in DMEM-F12 medium with a DMSO solution of DHEA (1, 50 or 100μM) . Control cultures received an equal volume of DMSO, which did not exceed 0.25 vol-% in all experiments. Control and treated cells were left for 24 h in a humidified incubator at 37°C in an atmosphere of 95% air and 5% CO 2 . Experiments were repeated three times, with six samples taken at each time point. Total RNA was immediately extracted from Leydig cells after incubation with DHEA by the TRIZOL reagent kit. The RNA concentration was then quantified by measuring absorbance at 260nm with a photometer (Eppendorf Biophotometer). Ratios of absorption (260/280 nm) for all preparations were between 1.8 and 2.0. Aliquots of RNA samples were subjected to electrophoresis through a 1.4% agarose/formaldehyde gel to verify their integrity. After adjustment of the RNA concentrations to 1μg/μL by OD value measurement, the aliquots were stored at −80°C.
Two micrograms of total RNA were reverse-transcribed by incubation for 1h at 37°C in a 25μL mixture consisting of 100U M-KGV reverse transcriptase, 8U RNase inhibitor, 0.5μg of Oligo(dT), 50mM Tris-HCl (pH 8.3), 3mM MgCl 2 , 75mM KCl, 10mM DDT and 0.8mM dNTP. The reaction was stopped by heating to 95°C for 5min and quickly cooling the mixture on ice. Real-time RT-PCR was performed with a SYBR Green PCR Master Mix Kit (Toyobo, Osaka, Japan) in an ABI7300 Detection System (Applied Biosystems) according to the manufacturer's instructions. The expression of 3β-HSD and 17β-HSD mRNA was determined by real-time quantitative RT-PCR. The relative amount of mRNA for each target gene was determined by calculating the ratio between each mRNA and β-actin mRNA [18] . The thermal cycling routine was 5min at 95°C followed by 40 cycles at 95°C for 30s, 60°C for 30s, and 72°C for 40s in an ABI PRISM 7300 Detection System (Applied Table 1 .
Western blot analysis
The effects of DHEA on 3β-HSD, 17β-HSD, aromatase, CREB and p-CREB were measured by co-incubating the cells with 1, 50 and 100μM concentrations of DHEA or vehicle for 24h at 37°C and scraping for the subsequent determination of protein levels. Experiments were repeated three times, with six samples taken at each time point. Protein levels were measured using a bicinchoninic acid (BCA) protein determination kit. Extracted cells (60μg) were separated on a 10% SDS-polyacrylamide denaturing gel. Following SDS-PAGE, proteins were electrophoretically transferred to Immobilone-P polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were then blocked at 25°C for 2h in blocking buffer [2-amino-2-hydroxymethyl-propane-1,3-diol (Tris)-buffered saline (TBS; pH7.6; Tris base 2.42g/l, NaCl 8g/l), 0.1% Tween-20, and 5% non-fat dry milk]. The proteins were incubated overnight at 4℃ with rabbit anti-3β-HSD antibodies (1:1000 dilution; Abcam, USA), rabbit anti-17β-HSD antibodies (1:1000 dilution; Santa Cruz, CA), rabbit anti-aromatase (1:1000 dilution; Abcam, USA), and rabbit anti-GAPDH (1:1000 dilution; CST, USA). After washing with TBS (pH 8.0) containing 0.1% Tween-20, goat anti-rabbit IgG with horseradish peroxidase conjugate (1:5000, Bioworld Technology Co., USA) in washing solution were added, and the solution was incubated for 1 h at room temperature. The immunoreactive proteins were detected by SuperSignal chemiluminescence. The protein bands were digitally imaged for densitometric quantification with a software program (Eastman Kodak Company, Rochester, NY, USA). Finally, the developed blots were subjected to densitometry using glyceraldehyde-3-phosphatedehydrogenase (GAPDH) as an internal control.
ERK signaling analysis ERK1/2 and p-ERK1/2 protein levels.
After culturing for 24h in DMEM-F12 medium at 37°C, cells were incubated with a dimethyl sulfoxide solution of DHEA (1, 50 and 100μM) for 30min. Control cultures received an equal volume of dimethyl sulfoxide, which did not exceed 0.25% (v/v) in any experiment. Primary Leydig cells were pre-incubated with 10μM U0126 (inhibitor of p-ERK1/2) or vehicle for 60 min, followed by the addition of 100μM DHEA for varying lengths of time in DMEM-F12 medium at 37°C. After incubation, ERK1/2 and p-ERK1/2 protein levels in primary Leydig cells under basal or stimulated conditions were determined by Western blot as described above.
Testosterone content. Primary Leydig cells were pre-incubated with 10μM U0126 or vehicle for 60min, followed by the addition of 1, 50 and 100μM DHEA for 24h in DMEM-F12 medium at 37°C. After incubation, the testosterone contents of primary Leydig cells were determined according to the manufacturer's instructions (intra-variation coefficients <10%, inter-variation coefficients <15%).
Assay of steroidogenic enzymes. Primary Leydig cells were pre-incubated with 10μM U0126 or vehicle for 60min, followed by the addition of 100μM DHEA for 24h in DMEM-F12 medium at 37°C. After incubation, the 3β-HSD, 17β-HSD and aromatase protein levels in primary Leydig cells under basal or stimulated conditions were determined by Western blot as described above. 
Statistical analysis
Data were analyzed with one-way ANOVA and expressed as mean values with standard errors. Treatment differences were subjected to a Duncan's multiple comparison tests. Differences were considered significant at P < 0.05. All statistical analyses were performed with SPSS 11.0 for Windows (StatSoft, Inc., Tulsa, OK, USA).
Results
Effect of DHEA on cell viability and testosterone content in primary Leydig cells
In the present study, we first determined the effect of DHEA on the cell viability of primary Leydig cells by MTT method. As shown in Fig. 1A , cells viability increased when primary Leydig cells were treated with 1-100μM DHEA for 24h (P<0.01). Testosterone content was not detected in the control group, while a marked increase in testosterone was observed in the DHEA-treated groups (P < 0.01) in a dose-dependent manner (Fig. 1B) .
Effect of DHEA on 3β-HSD and 17β-HSD mRNA expression
As shown in Fig. 2 , the expression of 3β-HSD mRNA was significantly higher in with 50 μM (P < 0.05) and 100μM (P < 0.01) treatment groups compared to the control group ( Fig.  2A) . The 100μM DHEA-treated cells also had significantly higher levels of 17β-HSD mRNA expression compared to control group (P < 0.05) (Fig. 2B) . Thus, we used the 100μM DHEA treatment to culture primary Leydig cells to study its effect on the protein expression of steroidogenic metabolic enzyme.
Effect of DHEA on steroidogenic metabolic enzyme protein levels
To find out whether increased testosterone affected the protein levels of steroidogenic enzymes, the Leydig cellular steroidogenic enzymes protein expression levels were assayed. As shown in Fig. 3 , with the extension of culture time, the protein levels of 3β-HSD, 17β-HSD and aromatase were not changed relative to the control group. The 3β-HSD and 17β-HSD protein levels showed an enhancement trend with treatment with DHEA; the 3β-HSD protein level was significantly increased from 12-48 h (P < 0.05; Fig. 3A) , and the 17β-HSD protein level significantly increased from 24-48 h (P < 0.05; Fig. 3B ). However, the aromatase protein level was significantly decreased at 48h (P < 0.05; Fig. 3C ) with DHEA-treated primary Leydig cells. Cells were pre-incubated with 10μM U0126 or vehicle for 60 min followed by the addition of 1, 50 or 100μM DHEA for 24h in DMEM-F12 medium. After incubation, testosterone content was detected using an RIA kit. Values are means ± SE (n = 6). "ND" indicates testosterone concentrations below the detect limit. The significant difference between DHEA treatment group and respective control group was representing with capital letter "B". The difference between DHEA+U0126 and DHEA alone group was representing with "#".
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Compared to the control group at the same time, 3β-HSD and 17β-HSD protein levels increased (P < 0.05; Fig.  3A and B) while the level of aromatase protein decreased (P < 0.05; Fig. 3C ) when subjected to DHEA incubation for 24-48h in primary Leydig cells.
ERK signaling analysis ERK1/2 and p-ERK1/2 protein levels.
We first determined the effect of DHEA on ERK1/2 and p-ERK1/2 protein levels in primary Leydig cells. Compared to the control group, the results showed that DHEA treatment had no significant effect on total ERK1/2 protein levels, while p-ERK1/2 protein levels were significantly increased in 50 and 100 μM DHEA-treated groups (P < 0.05; Fig.  4A ). Considering this result along with Values are means ± SE (n = 6). Different letters indicate significant differences in DHEA-treated groups between different treatment times, P < 0.05. * indicates the significant difference between DHEA-treated and control groups at the same time point, P < 0.05.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry effect of DHEA on steroidogenic metabolic enzyme protein levels, we used the 100μM DHEA treatment to further study its effect on ERK1/2 and p-ERK1/2 protein levels. Compared to the control, total protein ERK1/2 was unchanged with the extension of culture time, while levels of p-ERK1/2 were significantly higher at an experimental time of 30 and 120 min (P < 0.01; Fig. 4B ). We also found that the levels of p-ERK1/2 proteins were significantly lower during the experimental period from 10 to 120 min (P < 0.05) compared to the control group, which was pre-incubated with U0126 (inhibitor of p-ERK1/2) and then treated by DHEA (Fig. 4B) .
Testosterone contents. To determine whether DHEA elevates testosterone content by stimulating p-ERK1/2 protein expression, we examined testosterone content in primary Leydig cells pre-incubated with U0126 or vehicle. The results showed that testosterone contents were significantly increased by treatment with 1-100μM DHEA compared to controls groups either with or without U0126 incubation (P < 0.01; Fig. 1B) . However, the testosterone content was significantly decreased (P < 0.05) in the 50 or 100μM DHEA-treated groups with U0126 pre-incubation as compared to DHEA alone (Fig. 1B) .
Steroidogenic enzymes protein levels. To investigate whether the change in testosterone content induced by the activation of p-ERK1/2 by DHEA was due to alterations 3β-HSD, 17β-HSD and aromatase protein levels, we performed a Western blot analysis. As shown Values are means ± SE (n = 6). The mean value was significantly different from that of the control group, * P < 0.05, ** P < 0.01. (B) Primary Leydig cells were pre-incubated with 10μM U0126 (inhibitor of p-ERK1/2) or vehicle for 60min, followed by the addition of 100μM DHEA for varying lengths of time in DMEM-F12 medium at 37°C. Values are shown as means ± SE (n = 6). The different capital letters indicate significant differences in the same treated group at different times (P < 0.01); the mean value of the treated group was significantly different than the control group at the same time, * P < 0.05, ** P < 0.01.
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Discussion
The major outcome of this study was demonstrating that DHEA targets the ERK1/2 signaling pathway in rat primary Leydig cells. DHEA directly enhanced the level of p-ERK1/2 and p-CREB proteins, which causes exogenous DHEA to preferentially convert to testosterone rather than estradiol. This preference is due to the up-regulation of 3β-HSD and 17β-HSD protein levels along with the down-regulation of aromatase protein expression level in rat primary Leydig cells. Our findings demonstrate a novel signal pathway for DHEA action in primary Leydig cells, and provide a possible explanation for how DHEA carries out its biological functions.
Present results showed that cells viability was significant increase after 1-100μM DHEA treatment in primary Leydig cells, and this indicated that there no any cytotoxic effect of DHEA on Leydig cells. Also, a rapid increase in testosterone content was seen as the concentration increased from 1 to 100μM, and maximum testosterone content accumulation was observed in the 100 μM DHEA-treated group. These data are consistent with our previous study showing that DHEA can lead to high serum levels of testosterone in male rats [18] and higher concentrations of testosterone in TM-3 cells (a Leydig cell line) in a doseand time-dependent fashion [30] . Leblanc et al. [31] also reported that the administration of DHEA to cynomolgus monkeys significantly increased the serum concentrations of androstenedione and testosterone. DHEA can be converted into androstenedione by 3β-HSD in peripheral target tissues. It can then undergo further conversion to testosterone and estrone by 17β-HSD and aromatase, respectively [10] . The expression of 3β-HSD mRNA was significantly increased by treatment with 50 and 100μM DHEA. Cells treated with 100μM DHEA also had markedly higher 17β-HSD mRNA expression when compared to the control group.
The adrenal cortex accounts for 75-90% of the body's daily DHEA secretions; the remainder is produced by the testes and ovaries [32] . The sulfated form of DHEA (DHEAS) is a hydrophilic storage form that circulates in the blood, and DHEAS can be inter-converted with DHEA by DHEA sulfotransferases and hydroxysteroid sulfatases [13] . This conversion occurs in a wide range of tissues including the brain, liver, kidney, and gonads. DHEA is then metabolized to androstenedione, testosterone, estrogens, and other biologically active steroids, depending on the tissue. The present study showed that 3β-HSD and 17β-HSD protein levels in primary Leydig cells treated with 100μM DHEA were significantly increased at 24-48h, while the aromatase protein expression level were significantly decreased. This result was consistent with our previous study demonstrating the increase in 3β-HSD Values are means ± SE (n = 6). The mean value was significantly different from that of the control group, * P < 0.05, ** P < 0.01. Liu 
and 17β-HSD protein levels following incubation with DHEA for 24 -48 h along with the decrease in aromatase protein level in TM-3 cells [30] . These findings may be attributed to the increased delivery of intermediates, resulting in the variation of the protein level of the steroidogenic cascade because the precursor substrates also play an important role in enzyme biosynthesis [33] . Furthermore, the conversion of DHEA to other steroidal hormones depends upon the relative activity of key steroidogenic enzymes. Aromatase is a dual function enzyme that can catalyze the conversion of androstenedione to estrone and convert testosterone to estradiol [34] . It is generally acknowledged that the expression level of 3β-HSD, 17β-HSD, aromatase and the hormone changes have potential correlation. Bourguiba et al. [35] demonstrated that androgens up-regulate the expression of aromatase in purified adult rat germ cells, whereas estrogens have the opposite effect. Li et al. [36] confirmed that the sex hormone precursor DHEA, which can be converted into estradiol by the enzyme aromatase, has a protective role against osteoarthritis. Our previous study showed that DHEA treatment significantly increased the content of estradiol in TM-3 cells, while the level of aromatase was decreased following treated with DHEA, and the results indicated that high estradiol concentrations result in down regulation of aromatase expression in TM-3 cells [30] . Given the present results and those from previous studies, although we did not detect estradiol content in the present study, we speculate that the down-regulation of aromatase protein level also may be due to the negative feedback of estradiol in primary Leydig cells. However, further study is needed to more precisely validate this hypothesis. DHEA is reported to be preferentially metabolized to androgens in women and estrogens in men [13, 37] . Labrie [38] reported that DHEA supplementation in middle-aged or older men increases estradiol levels. Albrecht et al. [39] found that estradiol decreases DHEA secretion in pregnant baboons, indicating an estradiol-mediated negative feedback control of DHEA levels. However, in vitro studies using OBs demonstrated that DHEA can be metabolized to testosterone by 17β-and 3β-HSD, and further metabolized to dihydrotestosterone by the 5a-reducatase types 1 and 2 enzymes [17] . In addition, Takeuchi et al. [11] showed that articular chondrocytes express steroidogenesisrelated enzyme genes such as 3β-HSD, 17β-HSD, and P450arom; the expression of these compounds did not change after the addition of DHEA, and sex steroid hormones were able to be locally synthesized from DHEA. Thus, we speculate that differences in the metabolism of exogenous DHEA depend on sex, age and target cells, and that the negative feedback effect of steroid concentrations in different tissues on key enzymes in the formation or metabolism of steroids should also be considered.
Our results suggest that exogenous DHEA could preferentially convert to testosterone rather than estradiol due to the un-regulation of 3β-HSD and 17β-HSD protein levels and the down-regulation of aromatase protein expression levels in primary Leydig cells. Several studies suggest that the MEK/ERK signaling pathway can play a critical role in steroidogenesis [23, 24] . Nelson-Degrave et al. [24] demonstrated that the MEK/ERK pathway inhibits CYP17 gene expression in human Cal cells. Crosstalk between cAMP/PKA and MEK/ERK pathways has been previously described in the human adrenal NCI-H295R cell line [40] . DHEA may act directly by activating the MAPK signal transduction pathway [41] . Upon extracellular stimulation, the activated ERKs regulate additional signaling kinases that participate in the control steroidogenesis in granulosa-derived cell lines [22] . In the present study, DHEA generated no significant changes in the total ERK1/2 protein levels. Conversely, the p-ERK1/2 protein level was significantly increased by 50 and 100μM DHEA treatments. Several studies have shown that DHEA induces both genomic and non-genomic effects involving the ERK1/2 kinase pathway in the regulation of glucose uptake [42] and antiviral activity [42] [43] [44] . We also found that the levels of p-ERK1/2 proteins were significantly lower when the primary Leydig cells pre-incubated with U0126 (inhibitor of p-ERK1/2); therefore, we speculate that DHEA, a steroid hormone, may affect the enhancement of p-ERK1/2 protein levels in primary Leydig cells.
As shown in Fig.1 , treatment with 50 or 100μM DHEA combined with pre-incubation with U0126 resulted in a significant decrease in testosterone content. Western blot results showed that pre-incubation with U0126 could reverse the increased levels of 3β-HSD and 17β-HSD proteins generated by DHEA in primary Leydig cells, while the aromatase protein level was unaffected. DHEA has been identified as a potent agonist for the sigma 1 (σ1) receptor [45] . Activation of this receptor also enhances the NGF-induced neurite outgrowth by modulating the MEK-ERK and PI3K-Akt-mTOR signaling pathways [46] . However, recent findings indicate that genomic effects of DHEA in PC12 cells are membrane-mediated and involve PKA and MAPK pathways but not a nuclear receptor [25] . These results reinforce the idea that DHEA can activate p-ERK1/2, thus enhancing the expression of 3β-HSD and 17β-HSD and improving testosterone biosynthesis in primary Leydig cells. Previous study have observed that DHEA induce the proliferation of estrogen and androgen receptor positive breast cancer cells, but inhibit the proliferation in estrogen receptor negative cells [47] . Also, Nephew et al. [48] reported that DHEA inhibits estradiol binding to its receptor in vivo in yeast. Although DHEA and its downstream conversion product androstenedione are often referred to as adrenal androgens, they actually do not represent androgens since they do not bind with high affinity to classical intracellular the androgen receptor [49] . To date, no nuclear steroid receptor with high affinity for DHEA has been found [49] and the mechanisms by which DHEA operated are not fully understood. Transcription factor network analysis identified CREB as the master regulator in the control of gene expression in steroid-related pathways [50] . Many steroidogenic gene promoters exhibit cAMP response elements (CREs) or CRE-like sequences, highlighting the major role of the cAMP pathway in regulating steroid hormone biosynthesis [51] . In this study, DHEA treatment caused a significant up-regulation of the p-CREB protein level in cultured rat primary Leydig cells. This result was consistent with Moriguchi et al. [27] , who reported that DHEA significantly restored the reduced ERK phosphorylation concomitant with increased CREB phosphorylation in hippocampal ca1. Saxena et al. [52] reported that DHEA regulates the MAPK pathway in humans via a novel MAPK phosphatase, which not only controls the activity of MAPKs, but also mediates crosstalk between the cAMP system and the MAPK cascade. However, Ren at al. [53] reported that chronic treatment with DHEA did not affect the cAMP level up-regulated by withdrawal, suggesting the role of a non-cAMP/PKA pathway in the regulation of MAPK activation. Combined with these previous studies, the present results lead us to speculate that DHEA can act via an ERK cascade to up-regulate p-CREB, directly enhancing the 3β-HSD and 17β-HSD protein levels. This results in the improvement of testosterone biosynthesis in primary Leydig cells in vitro. Further study, however, is needed to more precisely validate this hypothesis.
In summary, using an in vitro model to study the effect of DHEA on testosterone biosynthesis in male animals, we found that DHEA could preferentially convert to testosterone rather than estradiol due to the up-regulation of 3β-HSD and 17β-HSD proteins and the down-regulation of aromatase protein in primary Leydig cells. This DHEA effect, at least in part, was associated with the elevation of p-ERK1/2 and p-CREB protein levels. On the basis of these results, we speculate that DHEA is a clinical agent for the alleviation of aging-associated pathophysiological conditions in humans; however, this supposition requires further investigation.
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